A fundamental knowledge of the interaction of carboxylic acids, such as formic acid, with magnetite surfaces is of prime importance for heterogeneous catalysis and the synthesis of novel materials. Despite this, little is known about the atomic scale adsorption mechanisms. Here we show by in-situ surface X-ray diffraction that the oxygen rich subsurface cation vacancy reconstruction of the clean magnetite (001) surface is lifted by dissociative formic acid adsorption, reestablishing a surface with bulk stoichiometry. Using density functional theory, the bulk terminated, fully formic acid covered surface is calculated to be more stable than the corresponding clean, reconstructed surface. A comparison of calculated and experimental infrared bands supports the bidentate adsorption geometry and a specific adsorption site. Our results pave the way for a fundamental understanding of the bonding mechanism at carboxylic acid/oxide interfaces.
T he interaction of carboxylic acids with oxide surfaces is important for a variety of technological applications. Formic acid, as the smallest representative of carboxylic acid molecules, is discussed as a potential intermediate or byproduct in many reactions catalyzed by iron oxides 1 , such as the water-gas shift reaction 2 or Fischer-Tropsch synthesis 3 , which are both relevant for a future sustainable energy cycle. A fundamental knowledge of the interaction of carboxylic acids with oxide surfaces is also of prime importance in materials synthesis from well defined building blocks. Carboxylic acids, such as oleic acid, are widely employed during the wet chemical synthesis of oxide nanoparticles with tailored size and shape 4, 5 . Oleic acid stabilized magnetite nanoparticles can be used as building blocks for hierarchical materials with exceptional bending modulus, hardness and strength 6, 7 .
Despite the relevance of oxide/carboxylic acid interfaces in different context, controlled adsorption studies are scarce. Various important fundamental questions concerning the adsorption geometry, structural and compositional changes at oxide surfaces induced by adsorption of carboxylic acids have not been answered to date 8, 9 . A fundamental knowledge of the atomic structure of oxide/carboxlic acid interfaces is required for a deeper understanding of the adsorption energetics and thermodynamics, as well as possible intermediate steps involved in reactions and adsorption induced changes in the interfacial geometric and electronic structure. These serve as a basis for the theoretical prediction of reactions paths, as well as the mechanical properties of hierarchical materials.
In this context, formic acid adsorption on magnetite single crystal surfaces serves as a prototypical, well defined experiment. Formic acid acts as a simple probe molecule, which is representative for larger organic acids with the same carboxylic end group, such as oleic acid. The magnetite (001) surface is of particular interest since under ultra high vacuum (UHV) conditions it exhibits well controlled, characteristic defects consisting of surface tetrahedral interstitial Fe ions and subsurface octahedral vacancies, leading to an oxygen rich surface termination 10, 11 . The defects are long range ordered with ffiffi ffi 2 p ffiffi ffi 2 p R45°periodicity, referred to in the following as subsurface cation vacancy (SCV) reconstruction. Previously it was reported that room temperature adsorption of formic acid surprisingly lifts the SCV reconstruction and transforms the surface into an ordered (1 × 1) structure 12 without providing further information on the reconstruction lifting mechanism itself. Based on infrared reflection absorption spectroscopy (IRRAS) and scanning tunneling microscopy (STM) experiments, it was proposed that the molecules dissociate and adsorb in a bidentate configuration, in which both oxygen atoms bind to two octahedrally coordinated surface Fe cations. A maximum coverage of two formic acid molecules per ffiffi ffi 2 p ffiffi ffi 2 p R45°surface unit cell was identified by STM with two possible adsorption sites. It remained however unclear, which of the sites was preferentially occupied. It was also reported that the SCV reconstruction is lifted upon exposure to atomic hydrogen 13 ; however, its lifting upon water exposure is discussed controversially in the literature [14] [15] [16] .
Here, we present a combined surface X-ray diffraction (SXRD) and density functional theory (DFT) study of the atomic structure of the magnetite (001)/formic acid interface. This combination of methods is especially suited to address adsorption induced structural changes in the near surface region. We address important, open questions concerning the adsorption geometry, the atomic structure and stoichiometry in the near surface region, as well as the reconstruction lifting process. The calculated infrared spectra further underpin the interpretation of the experimental Fourier transform infrared reflection absorption spectroscopy (FT-IRRAS) spectra and are in line with the identification of one preferential formic acid adsorption site. First, we will discuss the experimental results, before presenting the theoretical analysis and summarizing both. Afterwards we will present the experimental and computational approach.
Results
Formic acid adsorption site determination. X-ray diffraction data were recorded and analyzed, after preparation of the sample surface, both as described in the methods section. As a first step, a reference SXRD data set of the clean, SCV reconstructed surface was recorded under UHV conditions at room temperature, see Table 1 for the atomic positions. In the [001]-direction, bulk magnetite is built up by layers of octahedrally coordinated iron and oxygen ions followed by tetrahedrally coordinated iron ion layers. In the SCV model one additional, interstitial tetrahedral iron atom is present per unit cell in the layer directly underneath the surface, which is terminated by a layer of octahedrally coordinated iron and oxygen. In addition, two octahedral iron vacancies are present in the second octahedral iron ion layer directly underneath. Therefore, one net iron ion is missing in the surface, as compared to a bulk termination with ideal Fe 3 O 4 stoichiometry. This characteristic interstitial/vacancy configuration is accompanied by distortions in the crystal lattice, leading to a slight undulation of the iron-oxygen rows at the surface.
During dosing of formic acid at room temperature (see methods section for details), X-ray diffraction signals of a rod arising from the SCV reconstruction superstructure and a crystal truncation rod were monitored, see Supplementary Fig. 1 . The (2, 1) peak of the reconstruction decreased by 90% upon exposure to 10 L formic acid. After nominally 50 L formic acid exposure, the reconstruction was found to be completely lifted based on the absence of any superstructure signal. At the same time, the crystal truncation rod (CTR) intensity at (2, 2, 1.6) increased by a factor of~10, indicating strong interfacial structural rearrangements. The CTRs collected after fully lifting the reconstruction (see Fig. 1 and Supplementary Fig. 2 for the full data set) exhibit a shape very similar to that of a bulk truncated surface, in line with A full quantitative structural analysis was performed by fitting multiple models to the data. This included fits with formate only in one of the two different possible bidentate adsorption sites, as well as both of them (see Fig. 2b ). In the "int" site, the formic acid molecule sits between two regular tetrahedrally coordinated Fe ions, whereas in the "tet" site, the molecule is located between two vacant tetrahedral sites of the unreconstructed surface, see Fig. 2b , c. Furthermore, different fits were performed, including the positions of the lattice iron ions only, the positions of both oxygen and iron ions, as well as occupation parameters for the additional interstitial tetrahedral iron sites, octahedral vacancies from the reconstruction, and of the surrounding iron atoms on regular lattice sites. Iron on interstitial subsurface sites was also included in the fits to account for the possibility of reorganization and diffusion of cations in the near-surface region. The occupation parameters for the octahedral iron atoms in the first layer were kept fixed since no vacancies on these positions were reported from the STM measurements 12 . As initial position for the adsorbed molecules the known adsorption geometry of formic acid on rutile TiO 2 (110) was chosen, since it exhibits similar adsorption sites as magnetite (001) 17 . Because the in-plane distance of two adjacent octahedral iron ions in magnetite is larger (2.97 Å) than that between the oxygen atoms (2.21 Å) in formic acid, these oxygen atoms are not directly placed on top of the octahedral iron atoms, see Fig. 2b . Finally, a full refinement without including formate was performed to check the sensitivity of the fitting to these species. Since the result of this refinement was significantly worse (χ 2 = 0.95) than that one including the formate (χ 2 = 0.63) and led to unphysical positions of the oxygen atoms, we conclude that the fitting procedure is sensitive to the adsorbed formates. The surface structure with adsorbed formates is shown in Fig. 2b-d . Interestingly, there is a clear preference in the fits for formate adsorbed at the "tet" site (see Fig. 2 ), with an occupancy of 75 ± 10%, while the "int" site exhibits an occupancy of only 10 ± 10%. This is also found in the difference on the goodness-of-fit (χ 2 red )-values for models with formate in only one of the two possible positions summarized in Table 1 , and is also consistent with the DFT results as described below. Vacant sites (~15 ± 10%) are possibly present at the domain boundaries of molecules in different adsorption sites 12 .
Formic acid induced near surface structure and composition. Next, we will discuss formic acid adsorption induced structural changes in the Fe 3 O 4 substrate. All atoms were found to relax to positions close to their respective bulk positions upon lifting of the reconstruction, which implicates relaxations up to 0.31 Å for the oxygen ions at the surface and up to 0.28 Å for the iron ions 10 . Differences from the bulk positions occur mostly in the first layer of the unit cell, where, induced by the adsorbed formate, the surface iron ions are displaced outward by 0.060 ± 0.006 Å. In the in-plane direction they move towards the oxygen atoms of the formate in the tet-position by 0.094 ± 0.008 Å with respect to the bulk positions, while the adjacent oxygen atoms exhibit an inward displacement. Displacements in layers below the surface are between 0.002 and 0.02 Å and no significant differences from the bulk positions were found below the first three double layers. Supplementary Table 2 In the following, we will address the formic acid adsorption induced changes in the near surface occupation parameters. The crystal truncation rod measurements are very sensitive to the different sublattice cation occupancies, as we demonstrated for the reconstructed surface 11 . The interstitial tetrahedral site, fully occupied for the SCV reconstruction, shows for the best fit to the data a residual occupation of 9 ± 6%, while the octahedral vacancies are filled to 90 ± 3% (see solid red line in Fig. 1 ). In addition, none of the regular, adjacent iron sites was found to be depleted. This implies that the bulk stoichiometry is recovered at ≈90% of the surface during the reconstruction lifting process, in good agreement with the occupation of 85 ± 10% of the formic acid bidentate sites. Likely, iron ions from the interstitial tetrahedral site fill one of the subsurface octahedral vacancies. One additional iron atom is needed per unit cell at the surface to convert back to bulk stoichiometry. No iron on interstitial sites was found in the analysis of the data obtained from the clean reconstructed surface prior to dosing, excluding it as a major source of these additional iron ions. Since a spillover of iron from any adjacent sites is not supported by the data analysis, all other possible sources for the additional iron directly located at the surface can be ruled out. The only possible source of the additional iron is therefore diffusion from lower layers towards the surface at room temperature. This corresponds to the dissolution of one iron vacancy in the bulk by local site exchange, possibly assisted by the vacancy induced strain field. The DFT calculations presented in the next section will shed more light onto this aspect.
Energetics of the reconstruction lifting. To get deeper insight in the mechanism and energetics of the reconstruction lifting on Fe 3 O 4 (001) upon adsorption of formic acid, total energy calculations based on density functional theory (DFT) were performed. The dissociative bidentate adsorption of formic acid on the SCV reconstructed Fe 3 O 4 (001) surface yields an adsorption energy of −1.19 eV per adsorbed molecule. On the bulk truncated surface the adsorption energy of −2.12 eV per adsorbate is almost twice as high. The distances of the formate species to the octahedral Fe, on the other hand, are comparable with 2.06 Å on the SCV reconstructed surface and 2.03 Å on the bulk truncated surface. Therefore, the difference in adsorption energies is mainly attributed to the dissociated hydrogen atoms rather than to a stronger binding of the formate. The magnetic moments of the surface iron atoms change by only less than 0.1 μ B due to adsorption. A comparison of the "tet" and "int" adsorption sites yields a slight preference for the "tet" site of approximately 0.04 eV per adsorbed molecule at both the SCV reconstructed and the bulk truncated surface. This small energy difference explains the mixture of adsorption positions observed in the SXRD experiments performed at room temperature. Apart from the adsorption site, the adsorption energy also depends significantly on the positions of the hydrogen atoms stemming from the dissociation of the carboxylic group of the formic acid upon adsorption. The energies given above were calculated for the dissociated hydrogen sitting at the oxygen atoms next to "int" Fe positions in the surface layer, which are empty for the bulk truncated surface while half of them are occupied for the SCV reconstructed surface (Fig. 2b) .
If the hydrogen atom, however, is positioned at an oxygen atom next to a tetrahedral iron atom, the adsorption is less favorable by 0.47 eV per adsorbed formic acid molecule at the bulk truncated surface. This is consistent with a first-principles studies on atomic hydrogen and dissociative water adsorption at the Fe 3 O 4 (001) surface, in which the hydrogen atoms are found to occupy the interstitial gaps first 13, 16, 19 . In principle, for a SCV reconstructed surface cell there are 28 possibilities to position the two dissociated hydrogen atoms at the eight surface oxygen atoms. Considering only possibilities with hydrogen at the interstitial gaps and taking into account the symmetry of the surface unit cell, there are still two different configurations left, namely the positioning at two different interstitial gaps and the positioning on opposite sides of the same interstitial gap. As expected, the positioning at two different gaps is slightly more favorable by ΔE = 0.12 eV per adsorbed molecule, because of the Coulomb repulsion between the positively charged hydrogen atoms. Another possibility is that the dissociated hydrogen atoms may occupy the octahedral iron vacancies of the reconstructed surface. But, during structural energy minimization of such configurations the hydrogen always relaxed back to the position on top of the surface. So this possibility can be ruled out as it is energetically not favorable.
There is an excellent agreement between the atomic positions of the bulk truncated surface with a full coverage of formic acid adsorbed at the energetically more favorable "tet" site and the results from SXRD after exposure to 50 L formic acid. The deviations are lower than 0.1 Å for almost all positions, see Supplementary Table 2 for comparison. Only some of the oxygen positions deviate up to 0.17 Å. These slight deviations may be explained by the larger fitting error for the less strongly scattering oxygen ions and the fact that in the SXRD model both adsorption sites are included.
The difference in adsorption energy between the SCV reconstructed and the bulk truncated surface already indicates a stabilization of the bulk truncated surface by formic acid. This can be seen more quantitatively in the surface phase diagram in Fig. 3 . There, the most stable surface structures in terms of the surface energy are shown for different chemical potentials of the oxygen and formic acid gas reservoirs. The chemical potentials can be converted to experimental conditions, namely temperature and pressure of the gas phase, assuming validity of the ideal gas equation and an ideal gas mixture 20 using thermochemistry data 21, 22 . For formic acid also the formation of a dimer configuration at higher pressures has to be considered 22 . A detailed description of this conversion is given in the Supplementary Methods, conversion of chemical potentials to pressure scales. At low formic acid chemical potential (lower part in Fig. 3 ) the reconstructed surface is most stable even at low oxygen chemical potentials. With increasing formic acid pressure and chemical potential, the bulk truncation gets more stable. The stabilization of the bulk truncation is highest at full coverage of formic acid. But for higher oxygen chemical potentials (upper right corner in Fig. 3 ) one would still expect the reconstructed surface to be more stable because of the higher oxidation state of the surface. However, searching for possible transition structures between the SCV reconstructed and the bulk truncated surface, we found that a bulk truncation with an additional bulk vacancy (see Fig. 4c ) is more stable than the reconstructed surface at full formic acid coverage, which will be discussed in the following paragraph. In conclusion, the DFT calculations and the derived surface phase diagram in Fig. 3 predict that the bulk truncated structure is thermodynamically most stable over the whole range of oxygen chemical potentials when the magnetite (001) surface is fully covered by formic acid. This agrees very well with the experiments, where this surface structure is also observed as discussed above.
Reconstruction lifing mechanism. Since the SCV reconstructed surface is iron deficient compared to the bulk truncated surface, the question arises where the additional iron comes from to lift the reconstruction. In order to answer this question, the energies of two possible transition structures, which are shown in Fig. 4 , were calculated. Both transition structures are lower in energy than the SCV reconstructed surface (Fig. 4a) at full coverage. The first one (Fig. 4b) , where one subsurface vacancy is filled with the interstitial iron, is more stable by 47 meV per unit cell. Even more stable by 130 meV per unit cell compared to the reconstructed surface is the second structure (Fig. 4c) , where both subsurface vacancies are filled with the interstitial iron and some bulk iron leaving behind a bulk vacancy. Since the stoichiometry of this bulk truncated surface with a bulk vacancy is the same as for the reconstructed surface, the former is more stable independent of the oxygen chemical potential. Therefore, in the surface phase diagram (Fig. 3) no reconstructed surface with full coverage (shown in Fig. 4a ) is present. It is thus plausible from an energetic point of view that the additional iron stems from the bulk and diffuses to the surface. The diffusion path and barriers, however, are not investigated here.
In a computational study the diffusion barrier for iron hopping from one octahedral site to a neighboring octahedral vacancy in the bulk was calculated to be 0.70 eV 23 . The diffusion barrier between an interstitial tetrahedral iron atom and a neighboring octahedral vacancy was only 0.05 eV. Therefore, we argue that the lifting of the surface reconstruction starts with the diffusion of the surface tetrahedral interstitial iron ion to the underlying octahedral vacancies. Then, in a second step, octahedral iron from the bulk can fill the remaining subsurface vacancies. On the other hand, the diffusion paths and barriers might deviate from the bulk values because of the proximity to the surface and the energy gain in the different steps as described above. Surface strain may be present and can influence diffusion barriers as well. In addition, the structures described here do not cover the space of possible intermediate structures exhaustively, so more complex sub-steps might play a role during the transition. The energy gain due to adsorption and from lifting the reconstruction might 
Theoretical assessment of molecular vibrational modes. In the last part of the results, we will compare calculated and experimental infrared (IR) spectra of formic acid on magnetite (001). The calculated vibrational spectrum of formic acid adsorbed at the bulk truncated magnetite (001) surface for both the "tet" and "int" adsorption sites are shown in Fig. 5 together with the experimental data. The symmetric and asymmetric O-C-O stretch modes at 1368 and 1544 cm −1 in the experimental data in Fig. 5a ) exhibit a Fano type line shape, characteristic for the adsorption on materials like Fe 3 O 4 12 , which exhibits a dielectric response between a perfect conductor and a perfect dielectric. The band from symmetric vibrations is probed by electric field components of the unpolarized beam perpendicular to the surface, whereas the band from asymmetric vibrations is probed by electric field components parallel to the surface 8 . If the electric field component parallel to the surface of "p" polarized photons dominates over "s" polarized photons, the sign of the IR signal is inverted, as observed for the asymmetric stretch band at 1544 cm −1 8,24 . Similarly, the C-H bending mode at 1383 cm −1 exhibits a transition dipole moment parallel to the surface, which is excited by the s polarized and the p polarized component parallel to the surface, resulting also in an inverted Fano line shape, as compared to the symmetric stretch band.
There is a large difference in the O-C-O stretching modes in the range from 1000 to 2000 cm −1 as compared to the calculated gas phase spectrum (see Supplementary Fig. 4 and Supplementary Table 5 , together with an overview of all calculated IR spectra), due to the dissociation of the carboxyl group upon adsorption. The band positions for the "tet" adsorption site (see Fig. 5b ) fit well to the experimental IR spectra considering that there is a small systematic shift of calculated vibrational frequencies because of the harmonic and density-functional approximations [25] [26] [27] . The theoretical asymmetric stretch band is shifted to lower waves numbers by 14 cm −1 and the shift amounts to 30 cm −1 for the symmetric stretch band. The theoretical splitting is with 208 cm −1 larger than the experimental value (176 cm −1 ). A similar trend was also observed for formic acid on ZnOð10 10Þ 24 . The theoretical spectrum of formic acid on the "int" adsorption site (Fig. 5c ) is found to be shifted by 4 cm −1 to lower wave numbers, in line with its slightly lower binding energy. A closer inspection of the FT-IRRAS data indeed confirms the presence of a component red shifted by a few wave numbers, and a small amplitude, in line with the 10% occupancy of the "int" site identified in the SXRD analysis. Further on, the C-H bending mode is theoretically predicted at 1343 cm −1 , in good agreement with the experimental results (1383 cm −1 ).
Discussion
We have determined the atomic structure of the formic acid/ magnetite (001) interface by a combination of surface X-ray diffraction and density functional theory. We consistently found that the majority of formate molecules adsorb in bidentate geometry on octahedrally coordinated Fe ion rows, centered around adjacent tetrahedally coordinated Fe ions ("tet" sites). Hydrogen released during the dissociative formic acid adsorption at room temperature further stabilizes the unreconstructed magnetite (001) surface as compared to the SCV reconstructed surface. We found that the formic acid adsorption induced lifting of the SCV reconstruction is accompanied by significant atomic relaxations back to their bulk positions. By a combination of SXRD and DFT results, we identified the atomistic SCV reconstruction lifting mechanism as the following: We propose that it proceeds by a filling of one of the subsurface octahedral vacancies per unit cell by Fe ions from tetrahedral interstitial sites at the surface of the SCV structure. The SXRD structural analysis demonstrates that the second subsurface octahedral vacancy is also occupied during the reconstruction lifting process. The DFT calculations give further evidence that formic acid adsorption induced transient structures of the bulk truncated surface with deeper layer subsurface Fe vacancies are more stable than the formic acid covered SCV reconstructed surface. This is in line with a dissolution of a cation vacancy in the bulk at room temperature, which is calculated to be a thermodynamically stable configuration. We propose that a similar mechanism gets activated during the atomic hydrogen and water induced lifting of the reconstruction. The IR spectra calculated by DFT are in quantitative agreement with the experimental FT-IRRAS spectra and confirm the interpretation of the IR results in line with a dissociation of formic acid upon adsorption in bidentate geometry. Our results demonstrate that the adsorption of carboxylic acids on oxide surfaces can alter their near surface stoichiometry. The experiments and calculations give evidence that magnetite exhibits a high near surface cation mobility, even at room temperature, which is expected to have strong impact on catalytic reactions involving alternating reducing and oxidizing conditions or on the binding of longer chain organic molecules, such as oleic acid. Tailoring the strength of the organic/oxide interface may have large impact on the design of novel hierarchical materials composed of nanometric oxide/ organic building blocks.
Methods
Experimental methods. Surface X-ray diffraction experiments were performed at the ID03-beamline at the European Synchrotron Radiation Facility (ESRF) 28 at a photon energy of 14 keV using a 2D-detector in stationary mode 29 exp.
FA at tet (bulk term.)
FA at int (bulk term.) Fig. 5 Infrared spectroscopy results. a Experimental FT-IRRAS spectrum from formic acid on Fe 3 O 4 (001). Calculated vibrational spectra of formic acid adsorbed at the bulk truncated surface in "tet" (b) and "int" site (c). In the insets in (b), and (c), the adsorption geometries are presented annealing at 923 K. This results in a reconstructed, chemically clean surface, as confirmed by x-ray photoelectron spectroscopy at the DESY NanoLab 30 , see Supplementary Fig. 5 . Formic acid (>98% purity) was further cleaned by repeated freeze-pump-thaw cycles. It was dosed at room temperature through a leak valve into the chamber at a pressure of 5 × 10 −8 mbar. SXRD data sets were recorded from the clean surface and after exposure to 10 and 50 L of formic acid, respectively. The SXRD data was analyzed utilizing the program package ANAROD 18 . The relative reciprocal lattice coordinates (H,K,L) are given in units of 2π a , with bulk lattice parameter of magnetite of a = 8.394 Å. FT-IRRAS measurements were performed in a high resolution IR spectrometer coupled to an UHV chamber (base pressure 5 × 10 −10 mbar) via differentially pumped KBr windows 30 . Each IR spectrum was accumulated in 1024 scans with a resolution of 1 cm −1 and was recorded with an unpolarized beam at 80°incidence angle as a function of the formic acid exposure.
Computational methods. Calculations based on density functional theory (DFT) were performed with the plane wave code VASP 31, 32 and results for the functionals PBE 33 and optB86b-vdW 34, 35 were compared. However, since the inclusion of van-der-Waals interactions changed the adsorption energies by only approximately 0.2 eV per formic acid molecule and yielded the same qualitative results, here only the results for the PBE functional are shown and discussed while the results for the optB86b-vdW functional can be found in the Supplementary Information (SI). For all calculations an on-site Coulomb potential with the Hubbard parameter U eff = 4.0 eV was added using the approach by Duradev et al. 36 to account for the correlation of the d-electrons at the Fe atoms. Past studies have shown that this choice of PBE + U reproduces the energetic ordering of iron oxide structures well even though more accurate hybrid functionals are needed for the calculation of accurate formation enthalpies 37, 38 . After relaxation of the atomic positions of Fe, O, C, and H, as well as determination of the electronic ground state, vibrational spectra were calculated using densityfunctional perturbation theory (DFPT) and Born effective charges [39] [40] [41] [42] [43] . A more detailed description of the computational settings can be found in the Supplementary Methods, computational details.
